We develop a simple phenomenological theory to describe linear viscoelasticity in bidisperse linear polymer melts. We describe the single-chain relaxation spectrum using a local description of relaxation times along the chain, which includes contour-length fluctuations as well as reptative motion. The complex modulus is calculated by summing the contributions from all the segments along the chain, and weighting the contributions by the entangled volume fraction remaining at each time. We find that the resulting predictions for the modulus fit data of binary blends of polybutadiene better than those of the widely used double reptation model.
I. INTRODUCTION
The dynamics of linear entangled polymers are described well by tube models, in which the primary motion of the chains is curvilinear diffusion along a tube formed by entanglements with other chains. In the original reptation theory proposed by de Gennes ͑1979͒ and developed by Doi and Edwards ͑1986͒, both the contour length of the chains and the diameter of the tube are assumed to be fixed. However, to be in quantitative agreement with experiment, other stress relaxation mechanisms must be included in the theory. These include contour-length fluctuations and constraint-release effects, in which the motion of surrounding chains allows transverse motion of the tube.
These effects are particularly important to include in any theory of the viscoelastic response of polydisperse melts. Shorter chains relax more quickly than longer ones, and will thus release some of the constraints on long chains before the long chains relax by reptation. Furthermore, contour-length fluctuations of all the chains will relax stress and release some entanglements.
Several models have been introduced to include the effects of constraint release and/or contour-length fluctuations in polydisperse melts. Rubinstein and Colby calculated the constraint-release contribution to the stress relaxation self-consistently by assuming that the rate of constraint release is the same as the tube survival probability, and then by modeling the tube as a Rouse chain with random bead mobilities drawn from this probability distribution ͓Rubinstein and Colby ͑1988͔͒. Their predictions agree quite well with data on binary blends of polybutadiene, but require an involved numerical solution.
a͒ Author to whom correspondence should be addressed; present address: Sandia National Laboratories, Albuquerque, NM 87185; electronic mail: alfrisc@sandia.gov A much simpler and widely used model for entangled polydisperse melts is the double reptation model ͓Tuminello ͑1986͒; Tsenoglou ͑1987, 1988 ; des Cloizeaux ͑1988͔͒. In the double reptation model, constraints are released as chain ends reptate past points of entanglement. An entanglement between two chains is assumed to have fully relaxed once the shorter of the two chains has reptated its free end past the entanglement. This model is reasonably successful in describing the viscoelasticity of polydisperse, well-entangled melts which have a broad, unimodal molecular weight distribution ͓Mil-ner ͑1996͒; Watanabe ͑1999͔͒. It is less successful in describing the behavior of bimodal blends.
A recent generalization of double reptation is the dual-constraint model developed by Mead and co-workers ͓Pattamaprom et al. ͑2000͒; Pattamaprom and Larson ͑2001͔͒. In this model contour-length fluctuations and constraint-release are incorporated by performing a ''two-tube'' calculation. A diffusion equation is solved to calculate the tube segment survival probability *(t) in a fixed tube. This function, which gives the fraction of tube segments unrelaxed at time t, is then used to dilute the density of entanglements in a second calculation of the tube survival probability and stress relaxation function. Pattamaprom et al. ͑2000͒ extended this model by including early time contourlength fluctuations, constraint-release Rouse motion of the tube, and Rouse modes at high frequencies. They are able to predict the linear viscoelastic properties of many entangled polymeric systems, including binary linear blends, quantitatively, in many cases using values in the literature for the two parameters in the theory. However, their model requires numerical solution of a diffusion equation twice for each ͑monodisperse͒ component of the blend.
In this article, we develop a simple approximation to the calculation of the relaxation modulus for entangled binary melts which nevertheless captures the essential features of the release of constraints due to contour-length fluctuations. Our goal was to provide a model which is simple but nevertheless an improvement over the widely used double reptation model. The model described below is, in the case of monodisperse melts, a simplified version of a theory by Milner and McLeish ͑1998͒ for linear melts that incorporates contour-length fluctuations. We develop a phenomenological single-chain relaxation spectrum, in which the relaxation of each tube segment locally along the chain depends on its distance from the free end. We incorporate both contour-length fluctuations and reptation in the single-chain relaxation. We use a form of dynamic dilution to describe the many-chain effects. As the chain ends fluctuate, they relax stress associated both with their own tube and with that of other chains. The stress relaxation function G(t) is then a sum of contributions from the segments of the chain, weighted appropriately by the remaining unrelaxed volume fraction of chains in the melt. This prescription is the same as that used previously to calculate G(t) for dynamically diluting star polymer melts ͓Ball and McLeish ͑1989͒; Milner and McLeish ͑1997͔͒, and to calculate the contribution of contour-length fluctuations to stress relaxation in monodisperse linear melts ͓Milner and McLeish ͑1998͔͒. The aim of this article is to examine how well the dynamic dilution expression works for binary linear blends, given a reasonable approximation to the single-chain relaxation spectra. In Sec. II, we review in more detail the double reptation model and then describe our phenomenological model. Comparisons with experiment are presented in Sec. III, and we conclude in Sec. IV.
II. THEORY
The qualitative features of the viscoelastic behavior of single-component, polydisperse melts depend on the lengths of the chains and their relative volume fractions. In this article we consider binary blends of a single polymer species. For this case, different relaxation mechanisms can occur depending on the lengths N l and N s of the two chains and on the long chain volume fraction l ͓Watanabe ͑1999͔͒. We will assume that both chains are well-entangled and thus constrained to tubes of diameter a, and in particular that there are enough long chains in the system that they are entangled with themselves ͑thus we do not consider the limit of dilute long chains͒.
As the melt relaxes, constraints will be released due to contour-length fluctuations of both chains, and also by reptation of the short chains. When a constraint is released, the tube can make a transverse hop of the order of the tube diameter. This can lead to Rouse-like motion of the tube. We can understand the qualitative behavior of the blend by assuming that an entanglement involves two chains, and by ignoring contour-length fluctuations. The short chains will then relax at their reptation time, and will release constraints with the long chains at this time.
The question is then the mechanism of the long chain relaxation, which can be predicted using the following argument of Watanabe ͑1999͒. If the short chain relaxation time s is shorter than the time ␦t required for the long chain to reptate a distance of a tube diameter a, then after s the short chains will no longer be effective in constraining the long chains in their tubes. After a short chain has reptated past an entanglement with a long chain, the long chain may move a distance of order a d , where a d is the tube diameter associated with the entanglements among long chains only. If in time ␦t the chain can explore all the local configurations in a spatial scale of order a d , then it will relax by reptation in this larger, dilated tube with tube diameter a d . This effect is known as dynamic tube dilation, and is particularly important in branched polymers.
On the other hand, if the short chain relaxation time s is longer than the time ␦t required for the long chain to reptate a distance a, then the long chain will always be confined in a tube of size a. The long chains will relax by ordinary reptation in this tube, but the tube itself will be able to fluctuate by making Rouse hops on the time scale s . From simple reptation scaling, the criterion for long chains to reptate in a ''skinny'' tube of diameter a is ͓Watanabe ͑1999͔͒
where N e is the entanglement length. In this work we will only consider systems that satisfy Eq. ͑1͒. This means in particular that we will not consider the case of very dilute long chains in a matrix of much shorter chains. In such systems, the reptation time of the long chains is long compared to the constraint-release Rouse time of the tube, so the terminal relaxation of the long chains is dominated by ''tube Rouse'' motion. This leads to different terminal time scaling than ordinary reptation ͓Viovy et al. ͑1991͔͒. For systems obeying Eq. ͑1͒, the reptation time of the long chains is longer than the constraintrelease Rouse time, so the terminal relaxation is dominated by ordinary reptation of the long chains. However, in calculating the entire relaxation spectrum, the relevant physical relaxation mechanisms which need to be considered are contour-length fluctuations, reptation, and constraint-release events. The double reptation model assumes that all the chains reptate in tubes of diameter a and that entanglements involve two chains. The stress after a step strain is assumed to be proportional to the fraction of original entanglements still remaining at time t. Thus once either of the chain ends reptates past an entanglement point, the stress associated with that entanglement is assumed to be completely relaxed. In the case of a monodisperse melt, these assumptions imply that the modulus is given by
where G N 0 is the plateau modulus, p(t) is the tube survival probability of the chain at time t, and F(t) is the reduced relaxation function for the monodisperse melt. For a blend, the modulus then becomes, in the notations of Tsenoglou ͓Tsenoglou ͑1987, 1991͔͒ and of des Cloizeaux ͓des Cloizeaux ͑1988͔͒, respectively,
where i is the volume fraction of chains of length N i . Different authors have used different expressions for the monodisperse relaxation function F(t). Tuminello ͑1996͒ used a step function whereas Tsenoglou ͑1987, 1991͒ used a single exponential. DoiEdwards theory ͑1986͒ gives perhaps the best simple analytic form for p i (t) while still limiting the number of parameters to two:
where
is the reptation time of chain i of length N i , b is the statistical segment length, and is the monomeric friction factor. des Cloizeaux initially used the Doi-Edwards form in Eq. ͑3͒ ͓des Cloizeaux ͑1988͔͒ ͓later work by des Cloizeaux introduced more complicated, phenomenological expressions for p i (t), which included more unknown parameters͔ ͓des Cloizeaux ͑1990͔͒. In this work we will compare our results to the double reptation theory using the Doi-Edwards function, Eq. ͑4͒, in Eq. ͑3͒. We note that the corresponding monodisperse stress relaxation modulus is given by Eq. ͑2͒, and not by the original Doi-Edwards theory. The terminal time for a monodisperse melt is thus d ϭ rep /2. Milner ͑1996͒ analyzed the regime of validity of the double reptation model using a microscopic theory of constraint release by Viovy et al. ͑1991͒ , and found for the case of a binary blend that the assumptions of the model are physically reasonable when ͑1͒ (N s /N l ) 3 Ͻ l 2 , so that the long chains are not too dilute and the short ones are short enough for rapid constraint release; and ͑2͒ when l (N s /N e ) 3 Ͼ 1 so that the short chains are still entangled. This regime was referred to as ''chain reptation II'' by Viovy et al. ͑1991͒.
There are two separate aspects of the double reptation picture that could be improved. First is the assumed relaxation spectrum of a single chain. The original Doi-Edwards model ͑which gives nearly single exponential relaxation͒ neglects contour-length fluctuations, which enhance the relaxation of monodisperse chains and are thought to lead to the apparent scaling of the reptation time rep ϳ N 3.4 , rather than rep ϳ N 3 as predicted by strict reptation theory. Contour-length fluctuations also lead to different scaling in the loss modulus GЉ() at frequencies above the peak; strict reptation theory predicts GЉ() ϳ 1/2 in the plateau region, whereas experimentally much shallower slopes of GЉ() ϳ 1/4 are typically seen. The Doi-Edwards spectrum thus does not have enough high-frequency contributions.
Second, the double reptation model of constraint release only allows relaxation of entanglements when one of the chain free ends reptates past the point of entanglement. In a binary melt, this means that constraint release only occurs at one characteristic time. In a real melt, constraints are released continuously due to the continuous spectrum of relaxation times along a chain. The ends of the chain relax quickly by fluctuations, and the middle segments relax more slowly by reptation. This behavior of a single chain can be described approximately by associating a relaxation time (s) with each tube segment a fractional distance s from the end of the chain. Once a segment has relaxed, it releases any constraints it was involved in, and thus no longer contributes to the entanglement network that is holding stress. We can thus model the constraint-release process by allowing the stress-holding part of the entanglement network to dilute with time. We note that this can occur without a corresponding dilation in the effective tube diameter a, as occurs in star polymer melts; in linear melts generally entanglements reform too quickly for a given chain to explore a dilated tube ͓Watanabe ͑1999͔͒.
The stress modulus depends on the volume fraction of unrelaxed chains .
͑5͒
This expression has been used to describe dynamic dilution in star polymer melts ͓Ball and McLeish ͑1989͒; Milner and McLeish ͑1997͔͒ and to describe the contribution to G(t) of contour-length fluctuations in linear, monodisperse polymer melts ͓Milner and McLeish ͑1998͔͒. Here we will use it to calculate G(t) for the entire spectrum of relaxation in bidisperse linear melts, as described below. We expect this dynamic dilution expression for G(t) to include the effects of constraint release more accurately than Eq. ͑3͒, since it allows constraints to relax continuously. We note that for broadly polydisperse melts ͑and for ␣ ϭ 1͒, Eq. ͑5͒ and double reptation are analogous: For a melt with mass fraction of chains with length N given by (N), the double reptation expression becomes ͓Milner ͑1996͔͒
͑for the case of single exponential relaxation͒. In the double reptation model for such a melt, constraints are released continuously due to the wide range of reptation times rep (N). Thus, in comparing to Eq. ͑5͒ we see that N is analogous to s, (N)dN to ds, and the factor ͐ N ϱ dNЈ(NЈ) describes the fraction of unrelaxed material, analogously to ⌽(s) ͓Milner and McLeish ͑1997͔͒. However, as we will see, the two prescriptions differ strongly for bidisperse melts. Our strategy is thus to develop an expression for (s), which describes the relaxation of a single chain in the network in terms of local relaxation times, and then to use Eq. ͑5͒ to calculate G(t) for a binary melt. As discussed above, we assume that N l and N s satisfy Eq. ͑1͒, so there is no tube dilation occurring in the system and all the chains move in tubes of diameter a.
We begin by constructing an expression for the relaxation time of tube segments along a linear chain of length N. Since the ends of the chains relax first, and the middle relaxes last, we think of the linear chain as a ''two-armed star:'' we measure the fractional distance along the chain starting with the two free ends at s ϭ 0 and ending with s ϭ 1 in the middle of the chain. At early times after a step strain, the chain ends fluctuate, executing Rouse motions in their tube. The mean-square displacement of any monomer on a Rouse chain in a tube, including the free end, scales as s 2 ϳ t 1/2 ͓Doi ͑1981͒; Doi and Edwards ͑1986͔͒. Upon inversion this gives the relaxation time early (s) in the small s or early time regime:
where e ϭ N e 2 b 2 /(3 2 k B T) is the Rouse time of an entanglement segment of length N e , n ϭ N/N e , and the prefactor in Eq. ͑7͒ is fixed by an explicit Rouse calculation ͓Milner and McLeish ͑1997͔͒. At later times, the rest of the chain relaxes by reptatively diffusing along the tube. The relaxation time associated with reptative motion scales as rep ϳ s 2 . We know empirically that the molecular weight dependence of the terminal time scales as (N/N e ) 3.4 . The physical origin of this scaling is the short-time fluctuations just described. This can be taken into account by an appropriate definition of the reptation time, which involves solving for the value of s at which relaxation by reptation becomes faster than relaxation by end fluctuations ͓Milner and McLeish ͑1998͔͒. However, here we wish to write a phenomenological expression describing a simple scaling of with s, so we put the molecular weight scaling in by hand and define the relaxation time associated with reptation to be rep ͑ s,n ͒ ϭ e n 3.4 s
. ͑8͒
We expect a crossover between the early time Rouse motion and the later reptative motion to occur at roughly the Rouse time of the chain, R ϭ e n 2 , which occurs for s ϳ n Ϫ1/2 . We construct a crossover function which has this property:
͑s,n͒ ϭ ␤ early ͑ s,n ͒e ␥ns 2 1ϩ early ͑ s,n ͒e
where the constant ␤ determines the overall time scale and the constant ␥ determines the precise location of the crossover. This expression for (s) ensures that the loss modulus will scale as GЉ() ϳ in the terminal regime due to the reptative contribution, and as GЉ() ϳ 1/4 at high frequencies due to the early time fluctuations ͓Rubinstein et al.
͑1987͔͒.
We determine the values of ␥ and ␤ by fitting the relaxation modulus of monodisperse melts. In a monodisperse melt, the unrelaxed volume fraction of chains at a given time (s) is simply ⌽(s) ϭ 1Ϫs, so from Eq. ͑5͒ we have
.
͑10͒
We compare the results from Eqs. ͑9͒ and ͑10͒ with the more complete calculation of Milner and McLeish ͑1998͒, which includes a more quantitative expression for (s) and has been shown to give good quantitative fits to data on monodisperse melts. Figure 1 shows a comparison of the two theories for four different chain lengths using values of ␤ ϭ 1.05 and ␥ ϭ 0.1. The phenomenological model of Eq. ͑9͒ agrees quantitatively with the more precise theory except near the peak in the loss modulus. As the chain lengths increase, the phenomenological model overestimates the amount of relaxation at high frequencies. It does, however, give a significant improvement over the Doi-Edwards spectrum, even when corrections for the empirical scaling of rep ϳ N 3.4 are taken into account in Eq. ͑4͒. Furthermore, Eq. ͑9͒ is much simpler than the theory of Milner and McLeish ͑1998͒, which takes into account the continuously changing entanglement environment to determine (s) and rep and is thus more difficult to generalize to binary melts. We note that the values of ␤ and ␥ determined here are universal for all polymers; they are simply used to construct an accurate single-chain relaxation spectrum.
We can now use our expression for the relaxation time (s) to calculate the loss modulus of a binary blend of linear polymers from Eq. ͑5͒. The unrelaxed volume fraction of chains ⌽ is now
where s s is the fractional distance along a short chain, s l is the fractional distance along a long chain, and l is the volume fraction of long chains. Because of the different lengths of the chains, at a given time the two different chains will have relaxed a different fraction 1Ϫs s or 1Ϫs l of their lengths. Thus in order to use Eq. ͑5͒, we need to know the value of s s for a given value of s l and vice versa. We thus implicitly define two functions by equating relaxation times:
͓s s *͑s l ͒,n s ͔ ϭ ͑s l ,n l ͒,
͑12͒
͓s l *͑s s ͒,n l ͔ ϭ ͑s s ,n s ͒.
͑13͒
Thus s s *(s l ) ͓s l *(s s )͔ gives the value of s s (s l ) for the short ͑long͒ chains, given a distance s l (s s ) along the long ͑short͒ chains. The relaxation modulus can then be written as the sum of three terms: 
The first term is the contribution from the relaxation of the short chains, the second term is the contribution from the long chains before the short chains have fully relaxed, and the last term gives the remaining contribution from the long chains after the short chains have relaxed. The complex modulus is simply the Fourier transform of Eq. ͑14͒, G*() To summarize, we have constructed a single chain relaxation spectrum in terms of the relaxation time (s) of a segment a distance s along the chain. Equation ͑9͒ for (s) includes the effects of contour-length fluctuations and reptation. We then described the effects of constraint release in the many-chain system by dynamic dilution in the calculation of G(t). With the universal values of ␤ ϭ 1.05 and ␥ ϭ 0.1 in Eq. ͑9͒ fixed, there are only two remaining parameters in the theory: the Rouse time of an entanglement segment e , and the plateau modulus G N 0 . These are also the only two adjustable parameters in the original Doi-Edwards theory, in the double reptation model when used with Eq. ͑4͒, and in the dual-constraint theory. These two parameters, which are universal for a given polymeric species, can be fixed by fitting to rheological data for the monodisperse systems, leaving no free parameters in the predictions of the behavior of the binary systems.
III. RESULTS AND DISCUSSION
There are several sets of rheological data on binary blends in the literature. For comparisons, we consider polymers which are rheologically simple ͑i.e., which obey timetemperature superposition͒ and which fit the criteria for the validity of the theory, namely, they satisfy Eq. ͑1͒ and the long chains are sufficiently concentrated to be entangled with each other. A particularly clean data set was given by Rubinstein and Colby ͑1988͒ of a binary blend of polybutadiene ͑PBd͒ samples with molecular weights of M l ϭ 355 000 g/mol and M s ϭ 70 900 g/mol. The loss modulus was measured for mixtures with volume fractions of the long chain l of 0.0, 0.638, 0.768, 0.882, and 1.0, and time-temperature superposed to a reference temperature of 30°C. According to Fetters et al. ͑1994͒ , the entanglement molecular weight for PBd at 25°C is M e ϭ (4/5)RT/G N 0 ϭ 1543 g/mol, where is the polymer density and R is the gas constant. In our theory we use the definition M e ϭ RT/G N 0 , which gives M e ϭ 1929 g/mol. Here we will use a similar value, M e ϭ 1850 g/mol, measured by Rubinstein and Colby ͓and by Struglinski and Graessley ͑1985͒; see below͔ for comparison with their results, so the two chains consist of n l ϭ 191.9 and n s ϭ 38.3 entanglement lengths, respectively. A value of M e ϭ 1850 corresponds to G N 0 ϭ 1.2 MPa, but we will allow the plateau modulus to vary somewhat to obtain the best fit to the data. ͑Note that in the theory we are actually fitting G N 0 and the reduced chain lengths n ϭ M /M e , so slight inconsistencies between the values of G N 0 and M e that we use correspond to uncertainties in the polymer molecular weights.͒ We first fit the two monodisperse samples, with l ϭ 0.0 and 1.0, to determine the parameters e and G N 0 as shown in Fig. 2͑a͒ . We found that slightly different values of e were required to obtain the best fits in the terminal region, so in the spirit of a phenomenological model we took e ϭ 2.5ϫ10 Ϫ7 s for the short chain and e ϭ 2.0ϫ10 Ϫ7 s With all the parameters now fixed to the values found above, the fits to the three mixtures are shown in Fig. 2͑b͒ . Considering the simplicity of the theory, it does remarkably well at describing the data. We show in Fig. 3 the predictions of the double reptation theory for the same data. In order to make a fair comparison, we have adjusted the Doi-Edwards ͑DE͒ reptation time to scale as N 3.4 in order to get the correct scaling of the terminal times, so we use 
͑15͒
in Eqs. ͑4͒ and ͑3͒ to calculate GЉ(). We fit e ϭ 3.2ϫ10 Ϫ8 s, and as before determine G N 0 ϭ 0.96 MPa from the best fit to the two peak heights. The phenomenological model captures the region between the two peaks as well as the high frequency region above the low molecular weight peak much better than does the double reptation model, due to the inclusion of high frequency modes in the chain relaxation. Furthermore, the use of Eq. ͑5͒ as the blending prescription is quite successful in predicting the relative heights and locations of the two peaks. The fits to the blends are of similar quality to the fits for the monodisperse melts. Thus, the main errors seem to be due to the single-chain spectrum, which is too wide at the peak, rather than to the blending prescription. The theoretical predictions shown in Fig. 2 fit the data as well as or better than the predictions from the self-consistent calculation of Rubinstein and Colby, shown in Fig. 6 We also compare to data of Struglinski and Graessley ͑1985͒, who measured four PBd mixtures at 25°C. The mixtures were binary combinations of four PBd samples: ͑1͒ 41L, with M ϭ 39 000 g/mol; ͑2͒ 98L, with M ϭ 92 500 g/mol; ͑3͒ 174L, with M ϭ 181 000 g/mol; and ͑4͒ 435L, with M ϭ 450 000 g/mol ͑molecular weights measured by light scattering͒. Figure 4 compares the phenomenological model with both the loss and storage moduli for mixture 41L/174L, using e ϭ 2.8ϫ10 Ϫ7 s and G N 0 ϭ 1.32 MPa. The agreement here is reasonably good. The dual-constraint model also does a reasonable job of fitting the 41L/174L mixture, as can be seen in Fig. 13 in the paper of Pattamaprom et al. ͑2000͒ . Unfortunately, it is more problematic to fit to the other three mixtures, all of which involve the longest polymer, 435L. First, the theory does not fit the monodisperse 435L sample because the high frequency end of GЉ() ͑beyond the peak͒ for this sample scales roughly as 1/5 rather than as 1/4 . The expres-sion early in Eq. ͑7͒ can be modified to reflect this scaling, although there is no underlying Rouse model to support this. However, one also finds that there is no suitable value of G N 0 to simultaneously fit sample 435L and the others. We note that the dual-constraint model also has difficulties fitting the mixtures containing sample 435L ͓Pattamaprom et al. ͑2000͔͒.
FIG. 3.
Comparison of the predictions of the double reptation model ͑solid curves͒ of the loss modulus with the data of Rubinstein and Colby ͑1988͒ on a log-linear scale. We show ͑a͒ the monodisperse components and ͑b͒ the blends with volume fractions of the high molecular weight component of 0.638 ͑gray triangles͒, 0.768 ͑open diamonds͒, and 0.882 ͑gray squares͒.
IV. CONCLUSIONS
We have developed a simple phenomenological theory to describe linear viscoelasticity in bidisperse polymer melts. We use a local description of the relaxation time a distance s along the chain to include contour-length fluctuations as well as reptative motion. The effects of constraint release are taken into account in the complex modulus using dynamic dilution, by summing the contributions from all the segments along the chain, and weighting the contributions by the entangled volume fraction remaining at each time (s). The model involves two universal constants which are determined by   FIG. 4 . Comparison of the model predictions ͑solid curves͒ with the data of Struglinski and Graessley ͑1985͒ for mixture 41L/174L on a log-linear scale: ͑a͒ storage modulus ͑actual data points were not available for the monodisperse components, so these data are represented by the dashed curves͒ and ͑b͒ loss modulus. The volume fraction of the long chains is indicated in the legends.
comparison to the more complete theory of Milner and McLeish ͑1998͒ for monodisperse melts. The remaining two adjustable parameters, e and G N 0 , are the same as in other theories and are obtained by fits to monodisperse melts for a given polymer. We find that the resulting predictions for G*() fit data on binary blends of polybutadiene much better than does the widely used double reptation model. In particular, the dynamic dilution blending prescription works well when used with a single-chain spectrum that captures relaxations at high frequencies due to contour-length fluctuations. Our model is not as quantitative for binary blends as the dual-constraint model, but it involves simpler calculations. Most of the error associated with the model seems to be in the single-chain relaxation spectrum rather than in the dynamic dilution prescription for calculating the stress relaxation, so improvements in the single-chain relaxation should further improve the agreement with experiment.
In principle, our method could be extended to include arbitrary polydispersity. The only difficulty is keeping track of the fraction of each component that has relaxed at a given time. This involves solving a nonlinear ͑algebraic͒ equation for each chain length in the melt, and should thus be computationally more simple than the dual-constraint model, which requires the solution of two differential equations for each component in the melt.
